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ABSTRACT 
Maximum Power Tracking Control Scheme for Wind Generator Systems.  
(December 2007) 
Hugo Eduardo Mena Lopez, B.S., Texas A&M University 
Chair of Advisory Committee: Dr. Mehrdad Ehsani 
 
The purpose of this work is to develop a maximum power tracking control 
strategy for variable speed wind turbine systems.  Modern wind turbine control systems 
are slow, and they depend on the design parameters of the turbine and use wind and/or 
rotor speed measurements as control variable inputs.  The dependence on the accuracy of 
the measurement devices makes the controller less reliable.  The proposed control 
scheme is based on the stiff system concept and provides a fast response and a dynamic 
solution to the complicated aerodynamic system.  This control scheme provides a 
response to the wind changes without the knowledge of wind speed and turbine 
parameters. 
The system consists of a permanent magnet synchronous machine (PMSM), a 
passive rectifier, a dc/dc boost converter, a current controlled voltage source inverter, 
and a microcontroller that commands the dc/dc converter to control the generator for 
maximum power extraction.  The microcontroller will also be able to control the current 
output of the three-phase inverter.   In this work, the aerodynamic characteristics of wind 
turbines and the power conversion system topology are explained. The maximum power 
tracking control algorithm with a variable step estimator is introduced and the modeling 
  
 
iv 
and simulation of the wind turbine generator system using the MATLAB/SIMULINK® 
software is presented and its results show, at least in principle, that the maximum power 
tracking algorithm developed is suitable for wind turbine generation systems. 
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CHAPTER I 
INTRODUCTION 
 
In the past several years, wind energy has been one of the fastest growing energy 
sources in the world.  In the last two decades there have been many technological 
advances in the wind power industry, making this source of energy more reliable and 
profitable.  In present days, wind power generation can be commercialized and 
penetration into the present power systems is increasing. In addition, wind power 
generation has been gaining acceptance from investors and more wind farms are being 
built because this industry has become profitable.  The cost of energy from wind has 
dropped to the point in which there are places that the price of wind energy is 
competitive with conventional sources of energy, even without incentives [1].   
Wind energy not only has economical impact on our society, but it has a big 
environmental and social impact as well.  The use of wind energy reduces the 
combustions of fossil fuels and the consequent emissions.  It also reduces the United 
States‟ dependence on foreign oil.  On the other hand, it creates manufacturing, 
operation and maintenance jobs and construction jobs. 
Modern wind turbine technology has been accomplished with the help of many 
areas, such as material science, computer science, aerodynamics, analytical methods, 
testing, and power electronics.  Without the help of these areas the rapid development of 
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new technologies would not be possible.  A relatively new area for wind turbines is 
power electronics.  Power electronic systems allow synchronization between the wind 
turbine system and the utility grid and operate the wind turbine at variable speeds, 
increasing the energy production of the system.  In addition, power electronics provide a 
means to transfer energy to and from storage units, which can allow the storage of 
excess energy generation for later use. 
Wind turbine technology has improved significantly in the past 20 years.  
Modern turbines are more reliable, efficient, cost-effective, and the sound of the turbines 
has been reduced significantly compared to their predecessors.  Although many 
improvements have been made, there needs to be more work done towards improving 
wind energy grid penetration, reducing the manufacturing and installation cost, and 
improving turbine efficiency at all wind speeds.  The development of new control 
strategies to maximize power extraction from the wind and increase turbine efficiency 
will make wind power generation a more reliable source of energy in the future. 
In the following chapter a brief wind energy history is discussed, modern wind 
turbines components and their control strategies are described, and one of the control 
problems is presented. 
 
A. HISTORY OF WIND ENERGY 
 
Wind energy systems have been around for thousands of years.  It is said that the 
first windmills on record were built by the Persians in approximately 900 AD [1].  These 
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windmills were used for almost any mechanical task such as water pumping, grinding 
grain, sawing wood, and powering tools.  These early windmills had four blades and 
were built on posts so that the windmill could be turn to face the wind.  Prior to the 
Industrial Revolution, wind was a substantial source of energy in Europe.  Due to the 
inability to neither dispatch nor transport the energy produced by the windmills they 
began to lose its importance once the steam engine was invented.  In addition, the use of 
coal to fuel the steam engine, which was used for the same mechanical work as wind 
energy, could be controlled to adjust the output power of the engine. 
Even though wind energy popularity decreased after the industrial revolution, 
many of these European windmills of the eighteenth century included a number of 
features that were later incorporated into electricity generating wind turbines.  Major 
improvements were made in the efficiency and operation of these windmills that would 
later benefit the generation of electricity.  It was not until the end of the nineteenth 
century, in which the electrical generator was invented, that people began using wind 
energy to produce electricity.   
In the United States, Charles Brush was one of the first to build a wind turbine in 
Cleveland, Ohio.  Although this turbine model did not become widely used, other small 
turbines were more acceptable by the public. These small turbines were successor of 
Marcellus Jacobs turbine design.  The Jacobs turbine design had many characteristics 
that we still use in modern wind turbines.  This turbine design is considered the 
forerunner of small modern wind turbines that we use today. 
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In the 1920‟s, before the beginning of the rural electrification program in the 
United States there was some development of early wind turbine generator systems.  The 
purpose of these developments was to supply electricity to the private consumer that was 
not connected to the utility grid.  These developments were aimed towards small wind 
turbines with rated power of a few kilowatts and were used mainly for recharging 
batteries.  In the 1930‟s, the central electrical grid was expanded and electricity was 
more accessible to rural places.  For this reason, the use of small wind turbines for 
electricity generation decreased significantly.   
One of the largest turbines built in the late 1930‟s was the Smith-Putnam 
machine.  This machine had a diameter of 53.3 meters; it was the first wind turbine with 
two blades and had a power output of 1.25 MW which was probably the largest wind 
turbine built for this decade and for years to follow.  This design was the predecessor for 
the later established two-blade design built by the US Department of Energy in the 
1980‟s.  Unfortunately, this wind turbine design was too large for the available 
technology.  This machine had a blade failure in 1945 and the project was discarded.    
In the 1940‟s and 1950‟s, several large prototype wind turbines were built in 
different parts of the world, such as Germany, Denmark and the United States, but none 
of these models led to commercialization.  There was a lack of success from design to 
implementation and many of these projects ran out of funds.  The low cost of fuels 
during this time did not make electricity from wind economically feasible. 
During the 1960‟s wind energy was economically uninteresting due to the low 
cost of fossil fuels, but this changed during the oil crisis of 1970‟s.  The potential 
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dangers of nuclear energy became public, so an environmental movement was created to 
promote cleaner sources of energy.  A new effort was developed, in the United States, to 
develop alternative sources of energy.  These efforts by the US Department of Energy 
(DOE) to develop new technology had mixed results.  These projects generated good 
data about the wind turbine characteristics, but none of these designs led to commercial 
projects. 
A big opportunity for wind turbine commercialization began when the US federal 
government, through its Public Utility ACT of 1978, required utilities (1) to allow wind 
turbines to connect with the grid and (2) to pay the „avoided cost‟ for each kWh the 
turbines generated and fed into the grid.  In some states the utilities paid enough for the 
„avoided cost‟ that it made wind generation economically feasible.  In the early 1980s 
several countries, like the United States and Denmark, actively encouraged the 
installation of a large number of wind turbines through programs of subsidies and tax 
credits.  For example, the state of California in the United States provided the best 
incentives, and it had regions with good average wind speeds.  These tax credits and 
subsidies help the connection of several wind turbines in a group which is what we now 
call a wind farm or a wind power plant.  These groups of wind turbines will then be 
connected to the grid, for the purpose of selling the power to the distribution companies.   
There is no doubt that the development of new technologies for wind power 
generation has come a long way.  In the initial phases modern wind turbines rated at 
50kW were being used, but the industry rapidly scaled up to individual turbines rated at 
100, 150 and 250 kW and now there are turbines rated at the megawatts level.  In 
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addition, these turbines are more efficient and easier to manufacture than before.  The 
technology developed to interconnect several wind turbines to form a wind farm has 
made possible the penetration of wind energy into the electrical grid, making wind 
energy one of the fastest growing energy sources.   
According to the World Wind Energy Association (WWEA), in 2006 the world 
total installment capacity of wind generation was 73.9 GW, with Germany having the 
most installed capacity in the world. This is a 25% growth in 2006, after a 24% growth 
in 2005.  The top five countries with the most wind generation capacity are Germany, 
Spain, USA, India and Denmark. 
 
B. MODERN WIND TURBINES 
 
A wind turbine is a machine that converts the wind power to electrical power, 
therefore the maximum energy delivered not only depends on the machine limits but also 
on wind speed.  Let‟s clarify the difference between a wind turbine and a windmill.  As 
it was mentioned before, wind turbines convert the power in the wind into electric 
power.  On the other hand, windmills convert the power of the wind into mechanical 
power.  The electricity generated by wind turbines is used for battery charging circuits, 
residential scale power systems, distributed generation systems, and large utility grids.  
Modern wind turbines have a horizontal axis of rotation. This design, which 
reflects the design of the European wind mills and early American wind turbines, is the 
dominant design in today‟s wind energy technology.  Horizontal axis wind turbines can 
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be classified based on the rotor orientation (upwind or downwind of the tower), hub 
design, rotor control (pitch or stall), number of blades (two or three), and their yaw 
control system.  Modern wind turbine designs allow the control of the rotor power and 
speed.  The design allows for different rotor blade designs, which can optimize the 
converter and achieve higher efficiencies.  Fig. 1 shows the components of a horizontal 
axis modern wind turbine.  
Modern wind turbines use the aerodynamic force of lift to produce a torque on a 
rotating shaft.  The mechanical power on the rotor is then transformed to electricity 
using an electric generator.  Wind turbines can produce energy only when the wind is 
blowing so the energy produced should be used or stored.  Storing devices are mainly 
used in small size turbines, but there have been some studies that say that the excess 
energy or undispatchable energy can be used to produce Hydrogen [1].  The Hydrogen 
can later be used to generate electricity or can be transported for other uses. 
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Fig. 1: Modern wind turbine components. 
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The main components of a wind turbine are the rotor, the drive train, generator, 
nacelle and yaw system, tower and foundation, and control systems.  The rotor is formed 
by the hub and blades of the wind turbine.  The drive train consists of a low speed shaft, 
a gearbox, and high speed shaft on the generator side.  The drive train also includes 
support bearings, couplings, and mechanical brakes.  In some cases the generator is 
connected directly to the rotor, therefore no gearbox is used.  The generator converts the 
mechanical power in the shaft to electrical power.  Modern wind turbines use induction 
or synchronous generators.  The nacelle is the cover that protects the drive train and 
generator from the weather.  The yaw system keeps the rotor shaft in alignment with the 
wind.  This system is controlled by an automatic control system that has a sensor that 
detects the direction of the wind and it then uses electric motors to rotate the nacelle to 
face the wind.  There are also free yaw systems that self align with the wind.   
The control system includes sensors, mechanical controllers, electrical circuits, 
computers, hydraulic pumps and valves, and actuators (motors, pistons, etc).  The 
control system is very important for the operation of the machine and power production, 
therefore a reliable controller is needed in order to operate the turbine at the highest 
efficiency possible.  Other electrical components are needed for the wind turbine 
connection to the electrical grid including cables, switchgear, transformers, power 
electronic converters, and in some cases power factor correction capacitors. 
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C. WIND TURBINE POWER CONTROL 
 
Wind turbine controllers are very important for the production of energy.  A 
wind turbine should be able to properly generate electricity at different wind speeds so 
several control systems need to be implemented.  For the purpose of this thesis, the focus 
will be on the power control strategies for wind turbines, especially at partial load (when 
the wind speed is less than the rated wind speed).   
There are several ways to control the power output of wind turbines.  These 
methods depend on the design of the wind turbine and its parameters, for example a 
fixed-speed wind turbine will have a different power control system than a variable 
speed wind turbine.  The different methods will be defined to control the power output 
of a wind turbine and specify what methods are used for fixed-speed turbines and 
variable speed turbines.  
 
1. Aerodynamic Torque Control  
 
The purpose of this method is to change the rotor geometry in order to make the 
turbine more or less efficient, therefore affecting the aerodynamic torque in the shaft.  
The rotor geometry can be change by changing the blade pitch angle or by changing the 
geometry of a section of the blade.  As of today, blade pitching control is the most 
effective way to influence the aerodynamic angle of attack and therefore the input power 
[2].  This control method uses motors and actuators to rotate the blades thus changing 
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the angle of attack.  Reducing the angle of attack (increasing the pitch angle) will reduce 
the input power, and increasing the angle of attack (toward stall) will increase the input 
power.   
In order to affect rotor geometry without a blade pitch controller, one needs 
ailerons.  These are independent wings that will move with the change in wind and 
change the geometry of the blade.  Tip brakes and spoilers can also be used to change 
the blade geometry and rotor torque. 
Normally these blades are operated at the most efficient point with high angles of 
attack [1].  But this control method requires the knowledge of the wind speed to 
determine the pitch angle that will extract the maximum available power from the wind, 
thus making this method as accurate as the accuracy of the wind speed measurements.  
 
2. Generator Torque Control 
 
The power output of the wind turbine can be controlled by changing the 
generator torque.  The control methods used depends on the type of generator and the 
connection to the grid.  Grid-connected generators need to operate with a very small 
speed range in order to maintain the speed at or near synchronous speed.  For this 
reason, the generator torque needs to change quickly to compensate for the rotor torque 
and keep the speed nearly constant.  Grid-tied Synchronous generators in some cases can 
produce power spikes, due to their constant speed operation at all times.  On the other 
hand, grid-tied induction generators can change the speed by a few percent of the 
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synchronous speed which allows them to have lower torque spikes and a smoother 
response. 
One way to control the generator torque is by using power electronic converters.  
Using power electronics allows for a rapid change in the generator torque without 
necessarily affecting the power output to the grid.  In addition, the generator can be 
controlled rapidly and can adapt faster to the changes in the wind.  It is the converter‟s 
task to control the torque of the generator, so that the power output is being controlled.  
At partial load, this method of control can be used to maximize the power output of the 
turbine. 
 
3. Yaw Orientation Control 
 
The method of yaw orientation power control is very simple to understand.  In 
order to reduce the power output of the turbine, the rotor is rotated or yawed out of the 
wind.  There have been a number of different designs developed for this type of control, 
but typically they are used in small wind turbines [1]. 
 
D. VARIABLE SPEED VS. CONSTANT SPEED 
 
There are two typical ways to operate a wind turbine, constant speed or variable 
speed.  Each method of operation has different control strategies.  Wind turbines that 
operate at nearly a constant speed can be controlled by active pitch control and stall 
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regulated control.  These turbines typically are connected directly to the power grid.  
Active pitch control uses the wind measurement to determine the pitch angle that will 
produce maximum power.  When the turbine is operated at nearly constant speed, this 
aerodynamic torque control can be sensitive to gust and can create power spikes on the 
power grid.  In some cases, the blade pitch is kept constant to limit mechanism wear [1], 
limiting the power production of the turbine due to the fact that this pitch angle might 
not be the optimal point of operation of the wind turbine.  Constant speed stall regulated 
wind turbines have special blade designs that regulate the power output.  The blades are 
designed to operate at an optimal tip speed ratio, but once the wind speed starts 
increasing, the angle of attack increase, which reduce the efficiency and limits the power 
extraction from the wind.  
The availability of more economical and more efficient power electronics has 
allowed the ability to operate wind turbines at variable speeds.  Variable speeds allow 
operating the wind turbine at a higher efficiency and extracting more power from the 
wind.  Variable speed wind turbines can be controlled by stall regulated control and/or 
variable pitch control.  Variable speed stall regulated wind turbines are controlled using 
power electronic converters to control the generator torque.  By controlling the generator 
torque the speed of the turbine rotor can be controlled, allowing the turbine to operate at 
any tip speed ratio within design constraints.  When using this control method, the 
turbine is controlled to maintain the maximum power coefficient until the maximum 
design rotor speed is reached, and then the generator is controlled at almost constant 
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speed.  At higher wind speed levels the generator will be controlled to produce constant 
power. 
Variable speed wind turbines can also be controlled by active pitch control.  
During partial loads, these turbines are controlled to maintain maximum power 
extraction or optimal tip speed ratio.  The pitch controller is used to control the speed of 
the rotor once rated power is achieved, and the generator torque is used to control the 
power output.  In the case that the wind reaches speed significantly higher than the rated 
wind speed of the turbine, the blade pitch can be changed to reduce the efficiency of the 
wind turbine.  A drawback of this control strategy is its dependency on wind speed 
measurements. 
 
E. PROBLEM 
 
Modern wind turbine power control systems depend on the design parameters of 
the turbine, and use wind and rotor speed measurements as an input control variable.  
This dependency on measurement devices and their accuracy increases the cost and 
reduces the reliability of the overall system.  As the turbine ages, its parameters change, 
therefore the controller needs to be re-tuned to compensate for these changes. 
Wind speed is not measured directly.  Using wind speed measurements as a 
control variable can make the system un-reliable and can lead to considerable trouble 
[2].  Usually, the wind speed is measured on the nacelle roof, and the wind speed 
upstream is estimated.  This method of wind measurement shows a discrepancy of 2 to 3 
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m/s [2].  The accuracy of these measurement devices is about ±2% and they are very 
sensitive to the air flow around the nacelle.  The time response of the anemometer is also 
large compared to the electrical system‟s response. Anemometers generate an electrical 
signal from a rotating spindle, and then the signal is sent to the controller. 
The best representation of the wind speed is the rotor power.  In an ideal system 
the rotor power will be equal to the electric power, thus by measuring the electric power 
we will be able to control the wind turbine and make the system more reliable. 
In the following chapters, a maximum power tracker controller is presented.  
Other researchers have presented different methods for maximum power extraction of a 
wind turbine system, but some of these works still use the wind measurements [3]-[7]. 
Others intend to estimate the wind speed using complex control strategies [4] and [6], 
and control the wind turbine using the estimated value of the wind.  In addition, many of 
these maximum power trackers use the rotor speed as an input variable [5], and [6].  The 
following controller, which is based on the stiff system concept presented in [8], is 
intended to control a variable speed wind turbine to maximize the power extraction from 
the wind.  This controller will search for maximum power without knowing the wind 
speed, the rotor speed and the turbine aerodynamic characteristics.   
The following chapters will give a detailed explanation of the wind systems 
characteristics and control strategies.  In chapter II, the wind turbine characteristics are 
presented, chapter III will explain the electrical conversion system used in the proposed 
control strategy and chapter IV will explain the maximum power tracking and control 
algorithm and explain the variable step control system.  Chapter V will then explain the 
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simulation model used to test the controller and will show the simulation results.  
Finally, chapter VI will summarize the work accomplished and propose future research 
in this field of work. 
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CHAPTER II  
WIND TURBINE CONVERSION SYSTEMS 
 
In chapter I, modern wind turbines, their history and the control strategies 
currently used in industry to operate them were discussed.  However, how much energy 
can the turbine extract from the wind?  This is an important question that we need to 
answer before we design any wind turbine system.  Knowing the characteristics of the 
plant prime mover, will help us design a more efficient system that will be more reliable 
and will yield more energy.   
In the following chapter, we will explore wind turbines conversion systems.  
There will be an explanation of how much power can be extracted from the wind, and 
how the wind turbine is modeled.  Then the rotor power characteristics with respect to 
the wind speed and the rotor speed will be shown. 
 
A. MECHANICAL POWER EXTRACTION FROM THE WIND 
 
The blades of a wind turbine extract the energy flow from moving air, which then 
converts this energy to rotational energy and delivers it via a mechanical drive unit to the 
rotor of an electric generator.  The kinetic energy in air of an object of mass 𝑚 moving 
with speed v is equal to: 
E=
1
2
mv2    (Nm) 
(2.1) 
The power in the moving air, if we assume constant wind velocity, is: 
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Pwind=
dE
dt
=
1
2
m v2 
(2.2) 
where 𝑚  is the mass flow rate per second.  When the air passes across an area A, such as 
the area swept by the rotor blades, the power in the air can be estimated: 
Pwind=
1
2
ρAv3   (W)  (2.3) 
where ρ is the air density.  The air density varies with air pressure and temperature, 
therefore ρ=1.225 kg/m3 for the purpose of this thesis. 
The equation above estimates how much power there is in the wind, but how 
much of this power can be extracted from the airstream with an energy converter?   As 
demonstrated in [2], the mechanical energy which the converter extracts from the airflow 
will be equal to the power difference of the air stream before and after the converter: 
Pmech=
1
2
ρA1v1
3-
1
2
ρA2v2
3=
1
2
ρ A1v1
3-A2v2
3    (W) 
(2.4) 
where A1 and A2 are the cross-sectional areas before and after the converter, and 𝑣 1 and 
𝑣 2 are the wind speed before and after the converter.   As the airflow passes through the 
converter the wind velocity behind the wind energy converter must decrease and the 
mass flow remains unchanged.  Therefore, 
ρv1A1=ρv2A2   (
Kg
s
) 
(2.5) 
thus, 
Pmech=
1
2
ρA1v1 v1
2-v2
2     W  
(2.6) 
From the equation (2.6) we can see that the maximum mechanical power occurs 
when v2 is zero.  If v2 equals zero, the air was brought to a complete stop by the 
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converter, which is not physically possible.  If the outflow velocity behind the converter 
is zero, then the inflow velocity must be zero, which implies that there is no flow 
through the converter.  Therefore, the mechanical power extracted from the air stream 
must be expressed from another equation.  Using the law of conservation of momentum, 
the force exerted by the wind onto the converter is: 
F=m  v1-v2     N  (2.7) 
and the extracted mechanical power is: 
Pmech=Fv
'=m  v1-v2 v' (2.8) 
By comparing equation 2.4 and 2.8 we will be able to obtain the relationship for the flow 
velocity 𝑣‟: 
v'=
1
2
 v1-v2  (
m
s
) 
(2.9) 
Thus the velocity of the airflow through the converter is equal to the average of 𝑣1 and 
𝑣2. 
The mechanical power output of the converter can then be expressed as: 
Pmech=
1
4
ρA v1
2-v2
2  v1+v2    (W) 
(2.10) 
if comparing this mechanical power output with the power in the air stream that flows 
through the same cross-sectional area A,  the ratio between the mechanical power 
extracted by the converter and the power contained in the air stream that passes through 
the same area is called the “power coefficient” cp and can be represented as follows: 
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cp=
Pmech
Pwind
=
1
4
ρA v1
2-v2
2  v1+v2    
1
2
ρAv3
 
(2.11) 
the power coefficient can also be express in terms of the velocity ratio 𝑣 1/ 𝑣 2: 
cp=
Pmech
Pwind
=
1
2
 1-  
v2
v1
 
2
  1+
v2
v1
  
(2.12) 
If we plot equation (2.12) we will see that the maximum ideal power coefficient 
cp happens when 
v1
v2
=
1
3
 (see Fig. 2), therefore cp becomes  
cp=
16
27
=0.593 
 
 
 
Fig. 2: Power coefficient as a function of the wind stream speed ratio. 
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This was first derived by A. Betz, and it is called the “Betz factor” or “Betz 
limit” [1],[2],[9].  This value is the maximum theoretical value of the power coefficient, 
therefore, the maximum theoretical efficiency that a wind energy converter can have is 
59.3%.  It is good to mention that this value of the power coefficient was obtained for an 
ideal, frictionless flow converter.  In real cases, the wind turbine will always have a 
smaller maximum power coefficient than the Betz factor; this is due to many 
aerodynamic losses that depend on the rotor design and construction (number of blades, 
weight, stiffness, etc).  The power coefficient and the efficiency of a wind turbine system 
are different.  The efficiency of a wind turbine includes the loss in the mechanical 
transmission, electrical generation, converter loss, etc., where as the power coefficient is 
the efficiency of converting the power in the wind into mechanical energy in the rotor 
shaft.  Fig. 3 shows a diagram with the losses of a wind turbine system. 
The power coefficient is usually given as a function of the tip speed ratio λ and 
the blade pitch angle β.  The pitch angle is the angle between the plane of rotation and 
the blade cross-section chord [10].  The tip speed ratio of a wind turbine is defined as 
λ=
u
v1
=
ωR
v1
 
(2.13) 
Where u is the tangential velocity of the blade pitch, ω is the angular velocity of the 
rotor, R is the rotor radius in meters, and υ1 is the wind speed.  The graph of the power 
coefficient versus the tip speed ratio is given in Fig. 4.  This graph is a key element in 
the characterization of wind energy converters [11]. 
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Fig. 3:  Power flow and losses of wind turbines. 
 
 
Fig. 4: Cp-λ characteristics of wind turbines. 
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B. ROTOR POWER CHARACTERISTICS 
 
Using the power coefficient the mechanical power on the rotor can be calculated 
as function of wind speed: 
PR=cp
1
2
ρAvw
3  
(2.14) 
where: 
A = swept area of the rotor (m
2
) 
υw = wind velocity (m/s) 
cp = rotor power coefficient 
ρ = air density (kg/m3) 
PR = rotor power (W) 
 
The power coefficient can be obtained by data fields or lock up tables or by 
approximating the coefficient using analytical function.  In this thesis, the following 
power coefficient analytical function was used to model the wind turbine as 
demonstrated in [10]: 
cp λ,β =c1  c2
1
Λ
-c3β-c4β
x
-c5 e
-c6
1
Λ  
(2.15) 
The coefficients c1-c6 and x can be different for various turbines.  They depend on the 
wind turbine rotor and blade design.  The parameter 1/Λ is defined as: 
1
Λ
=
1
λ+0.08β
-
0.035
1+β
3
 
(2.16) 
For simulation purposes the following values have been chosen for coefficients c1-c6: 
c1=0.5, c2=116, c3=0.4, c4=0, c5=5, c6=21.  Due to the fact that c4=0, x will not be used. 
From equation (2.14) we know that the mechanical power extracted from the 
wind is a function of the wind speed and the power coefficient.  If we assume that the 
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wind is constant, then the mechanical power only becomes a function of the power 
coefficient.  The mechanical power can then be expressed as follows, 
PR=cpPo (2.17) 
where Po=
1
2
ρAvw
3  and it is constant.   
Assuming the wind speed and the blade pitch angle are constant, then the power 
coefficient becomes a function of the rotor speed ωR.  Therefore the mechanical power 
can be expressed as 
PR=cp(ωR)Po (2.18) 
thus     
PR(ωR) 
(2.19) 
Fig. 5 shows the mechanical power versus the generator rotor speed for the wind 
turbine design shown above.  It is important to say that each wind turbine design will 
have a different power versus rotor speed graph.  In addition, the power coefficient of 
each turbine will be determined by their blade design and pitch angle (see Fig. 6).   
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Fig. 5: Typical power versus speed characteristics of a wind turbine. 
 
The power extracted from the wind is maximized when cp is maximized.  This 
optimal value of cp occurs at a defined value of the tip speed ratio λ.   For each wind 
speed there is an optimum rotor speed where maximum power is extracted from the 
wind.  Therefore, if wind speed is assumed to be constant the value of cp depends on the 
rotor speed of the wind turbine thus, controlling the rotor speed controls the power 
output of the turbine.  In addition, for each wind speed there is one rotor speed that will 
yield maximum power, making the system monotonic. 
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Fig. 6: Cp-λ characteristics of wind turbines for different values of pitch angle. 
 
It is very important to study the torque versus rotational speed characteristics of a 
wind turbine.  Knowing the torque-speed characteristics of wind turbine will allow to 
properly match the load, and operate the generator in its stable region.  The typical 
torque speed characteristic for a modern horizontal axis wind turbine is given in Fig. 7.  
The profile of the torque-speed curve comes from the following relation, 
Tmech=
PR
ωR
 
(2.20) 
where Tmech is the mechanical torque in the rotor and PR and ωR are the rotor mechanical 
power and rotor angular speed respectively.  As we can see from Fig. 5 and 7, the point 
of maximum power is not the same as the point of maximum torque.   
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Fig. 7: The torque-speed characteristics of a modern wind turbine for different wind 
speeds. 
 
The power output is a product of torque and speed therefore, by properly 
controlling the generator the load characteristics can be matched, yielding maximum 
power at all wind speeds.  In order to control the wind turbine to yield maximum power 
at different wind speeds power electronic circuits must be used.  In the next chapter the 
electrical systems needed to operate a wind turbine at variable speed will be discussed. 
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CHAPTER III  
ELECTRICAL SYSTEMS 
 
Assuming that the air temperature and pressure are constant, the power contained 
in the wind is proportional to the cube of the wind speed.  As it was shown previously, 
for each wind speed there is a rotor speed that will yield maximum power and will allow 
extracting more power from the wind and operate the turbine more efficiently due to 
variable speed operation.   In order to operate at variable speeds, power electronic 
systems need to be introduced.  These systems will process and control the energy flow 
so that a variable-frequency source, the wind generator, can exchange power with a 
fixed-frequency source, the electric power grid.   
The following chapter will introduce the permanent magnet synchronous 
machine, the uncontrolled rectifier, the dc-to-dc boost converter and the dc-to-ac 
inverter.   
 
A. SYNCHRONOUS GENERATOR 
 
Synchronous machines are ac rotating machines that rotate at a speed 
proportional to the armature current frequency.  In this type of machine the magnetic 
field created by the armature currents rotate at the same speed as that created by the field 
current on the rotor.  Synchronous machines have been used for many years as 
generators of large power plants such as turbine generators and hydroelectric generators.  
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These synchronous generators are normally used at constant speed and are connected 
directly to the electric grid.   
For variable speed applications permanent magnet synchronous machine 
(PMSM) are used and are quickly becoming the next-generation variable speed ac motor 
drives due to the availability of high-energy permanent magnet materials. The PMSM 
has widely found its application as a high performance machine drive because of the 
ripple free torque characteristics and simple control strategies. Compared to induction 
machine drives, the PMSM has less rotor losses hence, it is potentially more efficient. In 
addition, the PMSM can achieve higher torque densities than its wound rotor 
counterpart.  
Permanent magnet synchronous machines have lower reactance values than their 
equivalent rotor wound machines.  In addition, PMSM are more power dense than their 
rotor wounded counter parts and they can provide full rotor flux at all times.  Due to 
these characteristics, permanent magnet synchronous generators (PMSG) have high peak 
torque capabilities that would be beneficial to a wind turbine system during wind gust.  
These machines can also resist repetitive torque pulsations of up to 20% of the rated 
torque [11]. 
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Fig. 8: Basic configuration of an exterior PMSM. 
 
Fig. 8 shows a basic configuration of a four pole exterior mount PMSM.  The 
permanent magnets are mounted in the rotor, while the stator has sinusoid distributed 
windings.  The mechanical rotor speed can be represented as ωrm and the mechanical 
position as θrm.  The electrical rotor speed and position are represented as follows 
ωr=
P
2
ωrm and θr=
P
2
θrm 
 The voltage equation in the abc stationary reference frame, as shown in [12], are 
given by, 
Va=rsia+
d
dt
λa           (3.1) 
Vb=rsib+
d
dt
λb           (3.2) 
Vc=rsic+
d
dt
λc           (3.3) 
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 The flux linkages equations are expressed as follows, 
λabcs=Lsiabcs+λm
'
 
 
 
 
sin ϑr
sin  ϑr-
2π
3
 
sin  ϑr-
4π
3
  
 
 
 
       (3.4) 
where λm‟ denotes the amplitude of the flux linkages established by the permanent 
magnet as shown from the stator phase winding.  The stator self inductance matrix, Ls, is 
given as, 
Ls=
 
 
 
 
 Lls+LA-LB cos 2θr -
1
2
LA-LB cos 2(θr-
π
3
) -
1
2
LA-LB cos 2(θr+
π
3
)
-
1
2
LA-LB cos 2(θr-
π
2
) Lls+LA-LB cos 2(θr -
2π
3
) -
1
2
LA-LB cos 2(θr+π)
-
1
2
LA-LB cos 2(2θr+
π
2
) -
1
2
LA-LB cos 2(2θr+π) Lls+LA-LB cos 2(θr +
2π
3
) 
 
 
 
 
 (3.5) 
 The torque and speed are related by the electromechanical motion equation 
J
d
dt
ωrm=
P
2
 Te-TL -Bmωrm    (3.6) 
where, J is the rotational inertia, Bm is the approximated mechanical damping due to 
friction, and TL is the load torque. 
 When an electric machine is used as a generator, a prime mover is needed to 
drive the generator.  In wind energy applications the wind turbine is the prime mover of 
the generator.  At steady estate, the electromechanical torque of the machine should 
balance with the mechanical torque on the rotor shaft, created by the wind turbine, 
including mechanical losses,  
Tmech=Tem+ Tloss         (3.7) 
The power balance equation can be given as, 
Pmech = Pem + Ploss         (3.8) 
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where, Pmech=Tmechωsyn is the mechanical power supplied by the wind turbine, 
Pem=Temωsyn is the power of the generator, and Ploss=Tlossωsyn is the mechanical power 
loss of the system.  The generated power can be expressed as, 
Pem = Tem ωsyn = 3EaIa cos φEa Ia            (3.9) 
where, φEaIa is the angle between phasors Ea and Ia. 
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Fig. 9: One phase of a synchronous machine operated as generator. 
 
 When the phase winding resistance in fig. 9 is ignored, the output electrical 
power is given by, 
Pem = Pout = 3VaIa cos ϕ    (3.10) 
where, ϕ is the angle difference between phasors Va and Ia.  If we assume unity power 
factor then, 
Pout = 3VaIa      (3.11) 
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B. POWER ELECTRONICS 
 
Broadly stated, the main task of power electronic systems is to process and 
control the flow of electrical energy efficiently by supplying voltages and currents using 
power semiconductor devices so that it can optimally suit the load requirements.  
Typically a power electronic controller consists of linear integrated circuits and/or digital 
signal processors.  A feedback controller usually compares the output of the power 
converter unit with a desired or reference value and the difference or error between the 
two is reduced by the controller.  The power flow through a power electronic conversion 
unit can be reversible when the adequate semiconductor devices are used, thus 
interchanging the roles of the input and the output. 
 A power electronic unit usually consists of more than one power conversion 
stage.  These stages are decoupled on an instantaneous basis by means of energy storage 
elements such as capacitors and inductors.  Each power conversion stage is called a 
converter, which is a basic module of power electronic systems. Based on the type of 
signal (AC or DC) that is input and output by the converter, we can categorize power 
converters as follows: 
 ac to dc 
 dc to ac 
 dc to dc 
 ac to ac 
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If the average power flow of the converter is from the ac side to the dc side they are 
referred to as rectifiers, and when the average power flow is from dc side to ac side they 
are called inverters.  In some cases, one converter can reverse the power flow and 
operate as rectifier or as an inverter.  In this situation the converter is referred in terms of 
its mode of operation.  In the following discussion, we will explain the basic 
characteristics of ac to dc (rectifier), dc to dc, and dc to ac (inverter) converters.  
 
1. Uncontrolled Rectifiers 
 
 An uncontrolled rectifier is an unregulated converter that uses diodes to supply 
power to a dc circuit from an ac source.  An uncontrolled rectifier gives a fixed dc output 
voltage for a given ac supply.  Fig. 8 shows the circuit of a three phase, full-wave diode 
bridge rectifier.  In the circuit, Cd represents the dc side bus and is used to filter the dc 
voltage and LS is the ac side per-phase inductance of the source.  If the rectifier is 
connected directly to a generator (induction or synchronous), LS is the generator 
inductance.   
 If LS is small and Cd is large, the dc output voltage will be smooth with very little 
ripple, but the ac-side current contains two spikes in each half cycle which introduces 
harmonics in the ac source.  If LS is absent, then the current spikes will be extremely 
high.  
35 
 
 
 
D
1
D
4
D
5
D
2
D
3
D
6
Va
Vb
Vc
C
dn
L
s
i
o
R
+
V
o
-
 
Fig. 10: Three-phase, full-bridge diode rectifier. 
 
 If considering a full-bridge rectifier under a resistive load as shown in Fig. 10 the 
full-bridge rectifier is considered as a combination of positive commutating diode group 
D1, D2, D3, and negative commutating diode group D4, D5, and D6.  At any given time 
there are only two diodes conducting, one from the positive group and one from the 
negative group.  Given that one diode is on from the positive group and one from the 
negative group at any given time, the output voltage, υo, is given by, 
𝑣𝑜 = 𝑣𝑝𝑛 − 𝑣𝑁𝑛     (3.12) 
where, υpn and υNn are respectively the output voltages of the positive and negative 
commuting diode groups to neutral.  Assuming LS=0, the average output voltage is given 
by 
Vo =
1
π/3
  2VLL Cos ωt  d(ωt)
π/6
−π/6
      (3.13) 
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Vo =
3 2
π
VLL = 1.35VLL     (3.14) 
 In practice Ls is non zero therefore, the current through the outgoing diode will 
decrease gradually and the current through the incoming diode will build up gradually.  
This effect causes the current to overlap, as shown in Fig. 11.  If the current 
commutation was instantaneous due to Ls equal to zero, then the voltage υpn will be 
equal to υan.  However, with finite Ls there is a voltage drop in υpn during the 
commutation interval so the average dc output voltage becomes, 
VL = 1.35VLL −  
3
π
XSId     (3.15) 
 Besides not being able to control the dc voltage and creating current spikes on 
the ac side, the full-bridge diode rectifier has other disadvantages.  According to [11], 
the use of a diode-bridge rectifier along with a synchronous generator having high values 
of reactance results in higher copper and iron losses, and instability when the diode-
bridge rectifier is suddenly loaded.  
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Fig. 11: Diode rectifier current commutation process. 
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2. DC/DC Converters 
 
The dc-to-dc converters are often used in regulated switch-mode dc power 
supplies and in dc motor drives applications.  Most of the time, the input to this 
converter is an unregulated dc voltage which can be obtained by rectifying an ac voltage 
source.  This unregulated voltage will fluctuate due to changes in the line.  In order to 
control this unregulated dc voltage into a regulated dc output we need to use a dc-to-dc 
converter.  There are many dc-to-dc converters including the step-down (buck) 
converter, the step-up (boost) converter, the buck-boost converter and many others.  The 
following will evaluate the step-up (boost) converter which is shown in Fig. 12. 
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Fig. 12: The boost (step up) converter. 
 
 The way this circuit functions is that when the switch is closed, the input voltage 
is applied across the inductor (see Fig. 13(a)), causing the current through the inductor to 
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ramp up which then increases the energy stored in the inductor.  Opening the switch will 
force the inductor current to flow through the diode and some of the energy stored in the 
inductor is transferred to the output filter capacitor and the output load.  The resultant 
circuit for mode 2 can be seen in Fig. 13(b). 
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Fig. 13: The boost converter: (a) Switch on (mode 1); (b) switch off (mode 2). 
 
 When the switch is on then the voltage across the inductor is Vin and the current 
through the inductor is given by 
iL t =
1
L
Vin t + IL 0     0 ≤ t ≥ DT       (3.16) 
where IL(0) is the initial inductor current value at t=0, D is the duty cycle and T is the 
period.  In mode 2 the inductor voltage is Vin – Vo, and the inductor current is given by 
iL t =
1
L
 Vin − Vo (t − DT) + IL DT     DT ≤ t ≥ T      (3.17) 
Evaluating equation (3.11) and (3.12) at t=DT and t=T, and assuming that IL(T)= IL(0), 
we obtain the voltage conversion equation as demonstrated in [13], 
Vo
V in
=
1
1−D
            (3.18) 
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From equation (3.18) it can be seen that the voltage gained will always be more than one 
and that by controlling the duty cycle D we can regulate the output voltage.   
Assuming a lossless circuit,  
Vin Iin = VoI0     (3.19) 
therefore,       
Io
Iin
=  1 − D         (3.20) 
According to [12], the critical inductor value that will keep the converter in continuous 
conduction mode can be calculated as follows, 
Lcrit =
RT
2
 1 − D 2D    (3.21) 
and the peak to peak output voltage ripple for a continuous conduction mode of 
operation can be calculated by, 
∆Vo =
Vo
R
DTs
C
          (3.22) 
 
3. DC/AC Inverters 
 
The dc-to-ac inverter is used for many applications including motor drives, 
uninterruptable power supplies, aircraft power, lagging and leading varies generation, 
and on renewable energy (solar, wind, fuel-cells, small hydro, etc.) systems. This type of 
converter produces a sinusoidal ac output waveform whose magnitude and frequency 
can be controlled.  They are used to deliver power from a dc source, such as a battery, to 
a passive or active ac load using semiconductor devices, as SCRs or gate driven devices 
including GTOs, IGBTs, and MOSFETs.  Due to the advance in semiconductor devices, 
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today‟s switches have higher switching frequencies and more power capabilities together 
with improved control techniques.  Due to this the inverter can operate in a wide range 
of regulated output voltage and frequency with reduced harmonics. 
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Fig. 14: Voltage source (a) and current source (b) inverters. 
 
 Inverters can be classified into voltage source inverter (VSIs) or current source 
inverter (CSI) depending on the dc input source.  The dc source in a VSI is a fixed 
voltage source; on the other hand in a CSI the dc source is nearly a constant current 
source.  In a voltage source inverter the output ac voltage is a function of the inverter 
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operation, whereas the output current is given by the nature of the load.  In a current 
source inverter, the output current is a function of the inverter operation, whereas the 
voltage is given by the nature of the load.    The switches of a current source inverter 
have to be reverse blocking.  Therefore, when using IGBTs in a current source inverter, 
diodes in series with the IGBTs need to be used [14].   Fig. 14 shows a VSI (a) and a CSI 
(b) inverter.  There are different ways to control dc-to-ac inverters.  In chapter IV one of 
the many control strategies for controlling a voltage source inverter will be discussed. 
  
42 
 
 
 
CHAPTER IV 
PROPOSED SYSTEM 
 
In wind power generation the power available varies with the cube of the wind 
speed therefore, to maximize power extraction from the wind; the wind turbine should 
operate at variable speeds.  In order to allow the wind turbine to operate at variable 
speeds, we need to decouple the electric generator from the power grid.  To do so, the 
three-phase generator output should be rectified, the dc bus voltage regulated, and an 
inverter needs to be used to interface the wind generator to the utility grid.  In order to 
supply energy into the utility grid the converter needs to be synchronized with the 
electric power grid.  This is possible due to the ability of the converter to operate at 
different voltages and frequencies.  Although the inverter can be operated at different 
frequencies, in wind energy conversion systems the inverter ac output frequency is kept 
almost constant at 50 or 60 Hz, depending on the type of power system the wind power 
plant is connected to. 
The wind generator system is formed by a fixed pitch wind turbine, a permanent 
magnet synchronous generator, a passive rectifier, a dc-to-dc boost converter and a 
current controlled voltage source inverter.  Shown in Fig. 15 & 16 is a diagram of the 
wind turbine generator system.  The wind turbine converts the power in the wind to 
mechanical power in the rotor shaft; the mechanical power in the shaft is then converted 
to electricity using a permanent magnet synchronous generator (PMSG).  The voltage 
generated by the permanent magnet machine is rectified using a three-phase passive 
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rectifier, which converts the ac voltage generated by the PMSG to a dc voltage.  The 
main purpose of the rectifier is to decouple the variable frequency voltage generated by 
the electric machine from the electric grid which operates at constant frequency. 
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Fig. 15:  Wind turbine system with maximum power tracking controller. 
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Fig. 16: Electrical System schematic. 
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The dc-to-dc converter is used to control Vdc which is the dc voltage across 
capacitor C1.  The maximum power tracker controller commands a voltage reference that 
is compared to the actual value of Vdc and it is fed into a PI controller.  The output of the 
PI controller is compared to a triangular waveform to determine when to turn the boost 
converter switch on or off.  As it was previously stated, wind turbines have an optimal 
speed that will yield maximum power for each wind speed.  Therefore controlling the dc 
voltage (Vdc) allows the control of the current flow through the generator, which controls 
the speed of the turbine, to reach maximum power.   
The dc-to-ac voltage source inverter interfaces the wind turbine system with the 
power grid.  The inverter operates so that the amplitude of the current output varies in 
order to keep constant the voltage across Co, which is the dc side inverter voltage (Vo).  
In addition, the same controller can be used to change the phase angle of the current 
waveform so that the desired power factor is obtained. 
Both the maximum power tracker controller and the inverter controller can be 
applied using linear integrated circuits and a microcontroller.  In the following sections, 
a more detailed explanation of the maximum power control algorithm will be presented, 
together with the dc-to-dc and the dc-to-ac voltage source inverter control strategy.  
 
A. MAXIMUM POWER TRACKING ALGORITHM 
 
 Due to its monotonic characteristics, wind turbines can be controlled to yield 
maximum power using search control methods.  Before explaining the maximum power 
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tracking controller, it is important to understand the basic physics of the system.  The 
generated mechanical power is given by, 
Pmech  t = Tmech  t ωR t  (4.1) 
For simplification, the generated electric power for a 1-phase generator is given by, 
Pe(t) = va(t)ia(t) (4.2) 
Assuming there are no losses in the system we can say that, 
Pmech  t = Pe t  Tmech ωR = va ia  (4.3) 
The basic electrical and motion equations are 
P = TωR  
T = kia if 
ia =
va − e
Ra
 
e = kifωe  
(4.4) 
 
(4.5) 
 
(4.6) 
 
 
(4.7) 
where 𝜔𝑒 =
2
𝑝
𝜔𝑅, p being the number of poles of the generator.  The phase current is 
given by, 
ia =
va − kifωe
Ra
 T = kif  
va − kifωe
Ra
  
(4.8) 
  
Assuming that if = If and substituting equation (4.8) into (4.4) we get, 
Pe =
ωekIf
Ra
 va − kIfωe  
(4.9) 
Using a diode rectifier, the dc output voltage, Vdc, is proportional to the generator 
phase voltage, Va, therefore equation (4.9) can be expressed as, 
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Pe =
ωekIf
Ra
 
π
3 3
Vdc − kIfωe  
(4.10) 
Therefore, to maximize power, 
dPe
dVdc
= 0   Vdc (If , ωe) 
(4.11) 
Equation (4.11) shows that the power extracted from the wind can be controlled by 
varying the dc bus voltage, which is a function of If and ωe. 
Considering the wind turbine characteristics given in Fig. 5, we know that the 
maximum power point is given when 
dPmech
dωR
= 0 
(4.12) 
where ωR is the wind turbine rotor speed.  As demonstrated in [7], equation (4.12) can be 
written as 
dPmech
dωR
=
dPmech
dVdc
dVdc
dωe
dωe
dωR
= 0 
(4.13) 
where Pmech is the mechanical power generated, Vdc is the rectified dc voltage, ωe is the 
electrical angular speed and ωR is the rotor speed.  Considering equation (4.13), it holds 
that, 
dP
dωR
= 0  
dP
dVdc
= 0 
(4.14) 
Then, the function P(Vdc) has a single point where maximum power extraction is 
achieved.  It also means that the maximum power can be tracked by searching the 
rectified dc power, rather than environmental conditions, such as wind speed and 
direction. 
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Fig. 17: Maximum power tracker flow chart. 
 
The maximum power tracking algorithm is given in Fig. 17, and it is as follows:  
one initiates the maximum power searching process by setting an arbitrary dc side 
voltage reference Vref. The controller then measures both the dc side current and voltage, 
and calculates the electric power P0 = Vdc Idc .  Next, the reference voltage Vref is 
increased by ΔVdc, so that 
Vref   K = Vref   K−1 + ∆Vdc  (4.15) 
Then the dc power is calculated with P(K) = Vdc  (K)Idc (K).  If P(K) > P0, the maximum 
power point has not been reached therefore, the voltage reference needs to be increased 
by ΔVdc, and the dc power needs to be compared, P(K) > P(K-1).  This process will repeat 
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until maximum power is reached.  If P(K) < P(K-1) the dc voltage reference is decreased by 
ΔVdc. 
In order to search for maximum power at any wind speed four conditions must be 
met.  If P(K) ≥ P(K-1) and Vdc (K) ≥ Vdc (K-1), the dc side voltage reference needs to be 
increased by ΔVdc.  When this condition is met the turbine operates on the low speed 
side of the power curve, shown on Fig. 18.  If P(K) ≥ P(K-1) and Vdc (K) < Vdc (K-1), the 
turbine is being operated in the high speed side of the dome and the dc reference voltage 
needs to be decreased by ΔVdc.  When P(K) < P(K-1) and Vdc (K) ≥ Vdc (K-1) the maximum 
power point is passed and a step back must be taken, decreasing the reference voltage by 
ΔVdc.  This condition is met when the turbine is operated in the high speed side of the 
dome and the power is decreasing.  On the other hand, when P(K) < P(K-1) and Vdc (K) < 
Vdc (K-1) the power is decreasing on the low speed side, therefore the voltage reference is 
to be increased by ΔVdc.   
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Fig. 18: Maximum power tracking process. 
 
In Fig. 18, the power-speed plot is shown for three different wind speeds, where 
v1 < v2 < v3.  The arrows show the trajectory in which the turbine will be operated using 
the maximum power tracking algorithm which is shown on Fig. 17.  If the wind speed is 
v1 the controller will search for the maximum power by using the algorithm explained.  
If the wind changes to v3, the turbine is no longer being operated at the maximum power 
point so the controller will search for the new maximum power point.  After reaching the 
maximum point it will operate the wind turbine at the optimal point until wind changes, 
thus searching for maximum power at any wind speed. 
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1. Variable Step Change (ΔVdc) 
 
 In order to optimize the maximum power algorithm presented in Fig. 17, a step 
that combines speed of convergence and accuracy of results was developed.  The 
variable step method is based on the Newton-Raphson method.  The value of the root 
can be calculated as, 
xn+1 = xn −
f(xn)
f′(xn)
 
(4.16) 
where xn is the current known value of x, f(xn) represents the value of the function at xn, 
and f‟(xn) is the derivative at xn.  The function f(xn) can be express as follows 
f xn = f Vdc  (K) =
dP
dVdc
=
P(K) − P(K−1)
Vdc  (K) − Vdc  (K−1)
= slope(K) 
(4.17) 
And f‟(xn) as, 
f ′ (xn) = f
′ (Vdc   K ) =
d2P
dVdc
2 =
slope(K) − slope(K−1)
Vdc  (K) − Vdc  (K−1)
 
(4.18) 
Using equations (4.16), (4.17), and (4.18), ΔVdc can be express as follows, 
∆Vdc =
f Vdc  (K) 
f ′ (Vdc   K )
=
P(K) − P(K−1)
Vdc  (K) − Vdc  (K−1)
slope(K) − slope(K−1)
Vdc  (K) − Vdc  (K−1)
=
P(K) − P(K−1)
slope(K) − slope(K−1)
 
(4.19) 
Therefore the reference dc voltage can be calculated by 
Vref   K = Vref   K−1 + ∆Vdc  (4.20) 
 Using this variable step will allow the maximum power tracker to converge faster 
to the maximum power point and will decrease power oscillations due to large values of 
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ΔVdc when maximum power is achieved.  For protection the value of ΔVdc is limited.  
The ΔVdc limit can be changed based on the generator size and design parameters. 
 
B. DC/DC CONVERTER CONTROLLER 
 
 The maximum power tracker explained in part A will generate a reference 
voltage.  This reference voltage will be used to control the dc voltage at the rectifier dc 
side terminals.  The dc-to-dc converter uses a simple feedback controller.  The reference 
voltage generated by the maximum power tracking algorithm is compared to the actual 
voltage, and the error signal is fed to a PI controller.  The PI controller is used to adjust 
the duty cycle of the converter switch.  This control method is simple and robust, and 
can be implemented easily.  Shown in Fig. 19 is a block diagram of the controller. 
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Repetitive Triangular
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+
-
Switch control
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 (reference)
V
dc
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Fig. 19: Block diagram of a typical dc-to-dc converter controller. 
 
 In order to adjust the dc voltage, the output signal of the PI controller is 
compared to a fixed frequency repetitive triangular waveform.  This will create a signal 
that will turn on or off the switch.  The duty cycle of the converter is given by 
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D =
ton
Ts
 
(4.21) 
where, ton is the time that the switch is conducting (or closed) and Ts is the switching 
period.  The switching period is given by the frequency of the repetitive waveform.  This 
method is called pulse-width modulation (PWM) and by changing the ton the width of 
the switching waveform changes. 
 
C. DC/AC INVERTER CONTROLLER 
 
 The inverter allows synchronizing the variable frequency generation of the 
generator, to a fixed voltage and frequency waveform.  This allows the transfer of 
energy from the wind turbine system to the utility grid.  There are many ways to control 
a voltage source inverter, but for the purpose of this work a current control voltage 
source pulse-width modulation control strategy will be used.  This method is ideal for 
controlling the dc side voltage of the inverter (Vo).  The controller varies the amplitude 
of the output current of the inverter in order to keep the dc voltage constant.  Two 
feedback loops are used in this controller, the inner loop controls the amplitude of the 
current and the outer loop controls the dc side voltage (see Fig. 20). 
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Fig. 20: Block diagram of the current controlled voltage source inverter. 
  
The reference dc side voltage is subtracted from the actual dc voltage and the 
error is fed into a look-up table.  The look-up table outputs a gain that will then be 
multiplied by the utility grid ac voltage.  This will generate a reference waveform for 
each phase current with unity power factor.  Different power factors can be obtained by 
phase shifting the current reference to lag or lead the voltage waveform.  In practice this 
is done by detecting the zero crossings of the ac voltage waveform and shifting the 
reference current waveform using a look-up table that is stored in the memory of the 
microcontroller.  The actual value of the current is then subtracted from the reference 
and the error is fed into a PI controller.  The output of the PI controller is compared with 
a repetitive triangular waveform to create the PWM that will command the switches to 
turn on or off.   
The voltage source inverter has three legs, one for each phase, as it was shown in 
Fig. 16.  Each phase of the inverter has two switches, the positive switch (top) and the 
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negative switch (bottom).  The output of the switch control signal for phase A will 
control the top switch of phase A (IGA+), and the complement of this signal will control 
the bottom switch (IGA-).  The same is true for phases B and C. 
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CHAPTER V 
SIMULATION MODEL AND RESULTS 
 
 In the previous chapters the aerodynamic characteristics of a wind turbine, the 
different electrical sub-system that a wind generator system could have, and a wind 
turbine maximum power point tracking algorithm was explained.  A wind generator 
system design using a maximum power tracking controller was explained and shown.  It 
was shown that due to the monotonic characteristic of wind turbines this controller will 
search for maximum power at all wind speeds.   
In the following chapter the simulation model and design parameters of the wind 
turbine and electrical systems shown in Fig. 15 and 16 will be discussed.  The results of 
simulating the wind turbine system will also be shown with the maximum power point 
algorithm using MATLAB/SIMULINK.  Two simulation results will be given with a 
different wind speed topology in a span of 15 seconds. 
 
A. SIMULATION MODEL 
 
 In this section the simulation model of the wind turbine will be shown.  Fig. 21 
shows the complete system model diagram in which each block represents a sub-system 
of the system.  There is a mathematical model for each subsystem.  In the following 
section the simulation model and power capacity of the wind turbine, the generator, the 
dc-to-dc converter and dc-to-ac inverter will be shown. 
 
  
 
 
  
 
5
6
 
Fig. 21: MATLAB/SIMULINK wind turbine system model. 
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1. Wind Turbine Model 
 
 The amount of power that a wind turbine can extract from the wind depends on 
the turbine design.  Factors such as the rotor diameter and the wind speed affect the 
amount of power that a turbine can extract from the wind.  The wind turbine was 
modeled using the mathematical equations shown in chapter II.  Fig. 22 shows the wind 
turbine simulation model and table I shows the power capacity and parameters of the 
wind turbine. 
 
 
 
Fig. 22: Wind turbine mathematical model. 
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TABLE I 
Wind turbine parameters 
Parameter Symbol Value Units 
Nominal output Pmech 12.3 kW 
Cut-in wind vcut-in 3 m/s 
Rated wind speed vrated 12 m/s 
Rotor Diameter 2R 4.6 m 
Pitch angle β 0 deg. 
Coefficients 
(eqn. 2.5) 
c1 
c2 
c3 
c4 
c5 
c6 
0.5 
116 
0.4 
0 
5 
21 
- 
- 
- 
- 
- 
- 
Maximum Power 
Coefficient Cp 0.41 - 
 
 
2. Electrical System Model 
 
 The electrical system is formed by the permanent magnet machine, a passive 
rectifier, a dc-to-dc converter and a voltage source inverter, as shown in Fig. 16.  In the 
following section the electric machines parameters, the components of the electrical 
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system and the simulation model of the electrical systems will be shown.  The value of 
the elements for the dc-to-dc converter and the inverter dc bus side were obtained using 
the design equations given in chapter III.  Table II shows the electric machine size and 
parameters.  Figure 23 shows the simulation model of the generator and dc-to-dc 
converter. 
 
Fig. 23: PMS generator and dc-to dc converter model. 
 
TABLE II 
Electrical machine parameters 
Parameter Symbol Value Units 
Rated Power Pe 14 kW 
Rated dc Voltage Vo, rated 560 V 
Stator resistance r 0.0485 ohms 
Stator inductances Ld, Lq 0.395 mH 
Flux induced by magnets - 0.1194 Wb 
Moment of inertia J 0.0027 Kg·m2 
Number of poles p 4 - 
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The dc-to-dc converter parameters were obtained by selecting a power rating 
based on the generated power capacity and voltage ripple requirements for the output 
voltage of the converter.  The equations used to obtain these values were given in 
chapter III, section B.2.  The parameters are shown in table III.  Table IV shows the 
power rating of the inverter and the switching frequency. 
 
TABLE III  
The dc-to-dc converter parameters 
Parameter Symbol Value Units 
Power Rating P 20 kW 
Low voltage side 
capacitor 
C1 500 uF 
High voltage side 
capacitor 
Co 3600 uF 
Inductor L 200 uH 
Switching frequency fdc 20,000 Hz 
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Fig. 24: Inverter simulation model. 
 
TABLE IV 
The dc-to ac inverter parameters 
Parameter Symbol Value Units 
Power Rating P 20 kW 
Switching frequency finv 5,000 Hz 
 
The inverter was model using six IGBTs as shown in fig. 16.  The inverter is 
connected to the electric grid which is represented as a voltage source.  Fig. 24 shows 
the inverter model and inverter control blocks. 
 
3. Control Simulation Model 
 
 The model for the maximum power tracking algorithm and the dc-to-dc 
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of 6 Hz; therefore running algorithm 6 times per second.  Every time the code is run the 
power is calculated and the controller reacts to the reference voltage commanded by the 
maximum power tracker.  The programming code for the maximum power control 
scheme can be found in appendix A. 
 
 
Fig. 25: Maximum power tracking and dc-to-dc controller simulation model. 
 
 
Fig. 26: Inverter controller simulation model. 
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 The inverter controller has two feedback loops, the outer loop control the dc side 
voltage of the inverter and the inner loop controls the phase current of the inverter. 
 
B. SIMULATION RESULTS 
 
 In this section the simulation result for the maximum power tracking algorithm 
will be shown for two different wind speed profiles.  Figures 28-36 show the simulation 
results for the first wind speed profile which is shown in Fig. 27. 
 
 
Fig. 27: Wind speed profile one. 
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Fig. 28: Rotor speed for the wind speed profile of Fig. 27. 
 
 
Fig. 29: Mechanical power on the rotor. 
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Fig. 30: Power coefficient of wind turbine. 
 
 
Fig. 31: Reference (a) and actual (b) dc voltage (Vdc). 
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Fig. 32: DC voltage step change Δ Vdc. 
 
 
Fig. 33: Electric power generated. (a) continuous, (b) calculated by controller. 
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Fig. 34: Three-phase power output by inverter. 
 
 
Fig. 35: Phase A voltage (a) and current (b) waveforms. 
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Fig. 36: Inverter dc side voltage. 
 
Figures 38-46 show the simulation results for the second wind speed profile 
shown in Fig. 37. 
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Fig. 37: Wind speed profile two. 
 
 
Fig. 38: Rotor speed for the wind speed profile on Fig. 37. 
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Fig. 39: Mechanical power on the rotor. 
 
 
Fig. 40: Power coefficient of wind turbine. 
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Fig. 41: Power coefficient of wind turbine (zoom in). 
 
From Fig. 41 it can be seen that the controller is able to search for maximum 
power and keep the power coefficient of the turbine very close to its maximum. 
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Fig. 42: Actual (a) and reference (b) dc voltage (Vdc). 
 
 
Fig. 43: DC voltage step change Δ Vdc. 
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Fig. 44: Three-phase electric power output by the inverter. 
 
 
Fig. 45: Phase A voltage (a) and current (b) waveforms. 
0 5 10 15
0
1000
2000
3000
4000
5000
6000
7000
8000
Time [s]
T
h
re
e
-P
h
a
s
e
 E
le
c
tr
ic
a
l 
P
o
w
e
r 
O
u
tp
u
t 
[W
]
4.2 4.25 4.3 4.35 4.4 4.45 4.5 4.55
-200
-100
0
100
200
Time [s]
P
h
a
s
e
 A
 V
o
lt
a
g
e
 [
V
o
lt
s
]
(i)
4.2 4.25 4.3 4.35 4.4 4.45 4.5 4.55
-40
-20
0
20
40
Time [s]
P
h
a
s
e
 A
 C
u
rr
e
n
t 
[A
m
p
s
]
(ii)
74 
 
 
 
As it is demonstrated in Fig. 45 the current is in phase with the voltage waveform 
therefore, having a unity power factor.  In the graph it can be seen that the amplitude of 
the current is changing.  The inverter controller varies the amplitude of the current 
output in order to control the dc bus voltage.  The dc side voltage is increasing between 
second 4 and 5.  This is due to the increase in wind speed and generated power.  The 
controller increases the amplitude of the current in order to control the dc side voltage 
level (see Fig. 46). 
 
 
Fig. 46: Inverter dc side voltage. 
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CHAPTER VI 
SUMMARY AND CONCLUSIONS 
 
 Following is a summary of the maximum power tracking algorithm proposed and 
some of the future research that can be done in this subject.  Also, the conclusion 
regarding this control algorithm will be given. 
 
A. SUMMARY 
 
In this thesis, wind energy systems were introduced.  A brief history of the wind 
energy industry was given and modern wind turbines were described.  The different 
control strategies currently used in industry and one of the problems with wind turbine 
control was also presented.  In chapter II the aerodynamic characteristics of modern 
wind turbines were presented.  It is explained that the power in the wind varies with the 
cube of the wind speed and that the wind energy converters have a maximum efficiency 
of 59.3%.  In addition, the rotor power and torque characteristics of a wind turbine was 
presented and explained.  From the power characteristics of a wind turbine it can be 
concluded that wind turbines are monotonic systems in which for each wind speed there 
is one optimal rotor speed that will yield maximum power. 
Chapter III covered the permanent magnet synchronous generator, its 
characteristics and the advantage of its use in wind power generation.  A review of 
power electronics systems was given, making emphasis on the uncontrolled rectifier, the 
boost converter, and the inverter.  In Chapter V, the proposed wind generation system 
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was explained and each of its components were shown on Fig. 15.  As it was stated, the 
wind turbine has a PMSG with its voltage output rectified in order to decouple the 
variable speed and frequency from the fixed voltage and frequency system such as the 
power grid.  The maximum power point tracking algorithm was shown and its operation 
was explained.  It was proven theoretically that this maximum power tracking control 
method could work for a wind turbine generation system because of its monotonic 
characteristics.  In addition, a method to optimize the maximum power point tracking 
algorithm was explained.  Finally, the control strategy for the dc-to-dc converter and dc-
to-ac inverter were explained and shown in Fig. 15 and 16. 
In chapter V the simulation model of the wind turbine system and the parameters 
of each subsystem were presented.  The MATLAB/SIMULINK block diagrams were 
also shown for each subsystem.  The simulation results were demonstrated for two 
different wind speed topologies in a time span of 15 seconds.  Plots for the electrical 
power generated and the wind turbine power coefficient were shown and the result 
explained.  From the plots we can conclude that the maximum power tracking algorithm 
will be able to efficiently control the wind turbine and capture maximum power from the 
wind at any given wind speed. 
 
B. FUTURE RESEARCH 
 
 Although the maximum power tracking algorithm was proven, by simulation, 
there are many other studies to be done before this technology can be feasible for 
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industrial application.  First, a hardware prototype needs to be constructed in order to 
implement the controller in real time using a microcontroller.  This can be done using a 
dc motor as the prime mover and controlling the torque of the motor to simulate the 
torque produced by the wind turbine on the shaft.  The motor then can be connected to a 
permanent magnet synchronous machine, and the electrical system can be implemented 
as shown in chapter IV.   
Another research step that can be taken is to test the maximum power tracking 
control strategy for bigger generators.  As it was shown in chapter V, the generator used 
for the simulation was a 14 kW machine.  However, currently utility size wind turbines 
use generators rated at the megawatts level.  A study should be done to analyze the 
system for machines that have higher inertia. 
Even though permanent magnet machines are used in wind turbine generation 
systems, the most popular generator in the industry is the double-fed induction machine.  
The same control algorithm can be implemented for this type of machine, but some 
modifications in the hardware set up need to be addressed.  For example, the induction 
machine will need to be connected to a controlled rectifier instead of an un-controlled 
rectifier.  This study can help the implementation of the control algorithm, which is 
explained in this thesis to existing wind turbines and potentially increase the efficiency 
of wind power generation. 
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C. CONCLUSION 
 
 The above analysis and simulation have shown that the step and search algorithm 
developed is suitable for wind turbine generation systems.  This algorithm is capable of 
extracting maximum power from the air stream at any wind speed without the 
knowledge of wind speed or rotor speed.  In addition, the knowledge of the wind turbine 
aerodynamic characteristics is unnecessary in order for the algorithm to work.  It was 
shown that this control strategy can be easily implemented using semiconductor devices 
and that the system is capable of actively controlling the active and reactive power 
outputted to the electric grid.  In conclusion this control strategy and system design can 
be easily implemented and will be able to improve the efficiency of wind turbine 
systems. 
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APPENDIX A 
MATLAB PROGRAMING SOFTWARE 
 
function [Vref2, Slope, Pe, K, DeltaP] = fcn(Va, V1, Ia, I1, Vref, V1ref, Slope1, t, DeltaP1, DeltaP2) 
 
% This block supports an embeddable subset of the MATLAB language. 
% See the help menu for details.  
  
  
%/////////////// Inputs  /////////////////////////////////////////////////////// 
 
if (t<=0.4) 
    Vref=80; 
    Vref2=80; 
    V1ref=0; 
    V1=0; 
    I1=0; 
    Dev2=1; 
    Slope=0; 
end 
  
%/////////////////  Calculations  ///////////////////////////////////////// 
 
Vref2=Vref; 
  
Pe= Va*Ia;                           %   Actual Power 
  
P1= V1*I1;                           %   Power at k-1 
  
DeltaP = (Pe-P1);                    %   Change in Power.  P1 is the k-1 power. 
  
DeltaV = (Va-V1);                    %   Change in Voltage.  V1 is the k-1 dc voltage. 
  
DeltaVref = (Vref-V1ref);            %   Change in Reference Voltage.  V1ref is the n-1 reference  
                                      %   voltage (or commanded voltage). 
  
  
%////////////////  Optimization Control Loop  /////////////////////////////////// 
  
%   This control varies the step increase of the voltage reference.   
%   K is the variable name for the step change. 
   
Slope = (DeltaP/DeltaV);          %   Derivative at k 
Dev2=(Slope-Slope1)/(DeltaV);     %   Dev2: 2nd derivative of power with respect to voltage. 
K=abs((Slope/Dev2));              %   Delta V at k          
  
 
 
 
%//////////////////////  Step Limiting Loops ////////////////////////////// 
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if (t <= 0.5) 
    K=5; 
end 
  
%//////////////////////High Wind Speed /////////////////////////////////// 
 
  
if (DeltaP >= 150)     
    if (DeltaV <= 0.5) 
        K=5; 
    end 
end 
if (DeltaP1 >= 150)     
        K=5; 
end 
  
 
%//////////////////////Lower Wind Speed /////////////////////////////////// 
 
  
if (DeltaP <= -150)     
    if (DeltaV <= 0.5) 
        K=5; 
    end 
end 
  
if (DeltaP1 <= -150) 
    K=5; 
end 
  
%//////////////////////////// Limiting Loop ////////////////////////////////// 
%//  This loops limit the step change in the reference voltage. 
if (K >= 3) 
    K=3; 
end 
  
%//////////////////////////// MPPT Controller ///////////////////////////// 
  
if (DeltaP > 0)  
  
               if (DeltaVref >= 0)                
                  Vref2 = Vref + K;                 
               else 
                      Vref2 = Vref - K; 
               end 
end 
 
 
 
 
 
if (DeltaP < 0) 
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                if (DeltaVref >= 0)                 
                   Vref2 = Vref - K;                    
                else 
                    if (DeltaP >= -100) 
                        Vref2 = Vref + K; 
                    end                     
                end 
end 
  
if (DeltaP == 0 && DeltaVref >=0) 
    Vref2 = Vref + K; 
end 
  
if (DeltaP == 0 && DeltaVref <0) 
    Vref2 = Vref - K; 
end 
  
%//////////////////////High Wind Speed /////////////////////////////////// 
 
if (DeltaP >= 300) 
     
    if (DeltaV <= 0.5) 
        Vref2 = Vref + K; 
    end 
end 
  
 
%//////////////////////Lower Wind Speed /////////////////////////////////// 
 
if (DeltaP <= -300) 
     
    if (DeltaV <= 0.5) 
        Vref2 = Vref - K; 
    end 
end 
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